Researches on fatigue crack-initiation processes in metals by using atomic-force microscopy (AFM) were reviewed. For fatigue of a low-carbon steel and α-brass in air, morphologies and sizes of slip-bands and crack initiation processes were discussed, and it was found that the depth of an intrusion drastically increased with its outgrowth to a crack. With coalescence of cracks, the width of cracks increased rapidly. Transgranular cracks were initiated when their accumulated sliding distances, those were evaluated from measured intrusion depth as a function of intrusion angle relative to the stress-axis, reached a critical value. The critical value was independent of stress amplitude, mean stress, and grain-size. Change of surface roughness during fatigue process was also presented.
INTRODUCTION
In the 21st century, nanotechnologies are believed to bring revolutionary impact on many aspects of science and engineering. One of the most promising tools for the nanotechnology is "Scanning Probe Microscopes (SPMs)". Among many types of SPMs, an atomic-force microscope (AFM) is now attracting a great deal of interest in materials science because it is capable of imaging surfaces of solid samples with the lateral resolution of 0.2 nm and the vertical resolution of 0.01 nm. The accurate geometry of solid surface can be reliably obtained by using data analysis software.
It is well known that the fatigue process of metallic materials without macroscopic defects can be divided into initiation and growth processes of cracks and final unstable fracture. Among these processes, various studies have been conducted on the crack-growth behavior, and that can be quantitatively analyzed based on the fracture mechanics [1] . The initiation condition of fatigue micro-cracks, however, still has not been clarified enough, because no method for successive, direct and quantitative observation of the process had been devised.
For components without significant internal defects, a free surface is normally the site for fatigue crack initiation, then microscopic observation is the most useful method to clarify the mechanisms of fatigue processes in materials, and the progress of metal fatigue study has strongly depended on the development of new microscopic observation methods such as optical microscopes (OM), transmission electron microscopes (TEM), and scanning electron microscopes (SEM).
With these conventional microscopes, however, successive, quantitative three dimensional observations of the crack nucleation portion in the specimen surface could not be conducted, although in the study of fatigue crack initiation, a taper sectioning technique has been widely employed. By the technique, we cannot observe crack initiation process sequentially because it is destructive method [2] [3] [4] [5] . In most of these studies, the crack-initiation mechanisms were discussed qualitatively. Therefore, AFM has added a new dimension to the fatigue crack initiation study. In the present paper, the study on the fatigue crack initiation will be introduced.
EXPERIMENTAL TECHNIQUE
Since it was very difficult to identify in advance where fatigue cracks would be initiated, in most cases, replicas of the specimen surface were taken at the predetermined number of fatigue cycles. Although the height of the surface in the replica film was reversed from the specimen surface, the height of the replica film in the AFM images can be reversed by an image processing technique. Yoon and his co-workers evaluated the reproductivity of replication film by observing Vickers indentation, and they found that the error was less than 10 nm [6] .
By scanning a sharp stylus over a surface, AFM can perform the quantitative measurement of the slip bands and the surface topography because the roughness of specimen surface induced by the slip is usually very small. For the geometry of cracks, AFM gives us deformed surface images as shown in Fig.1 . One origin of the inaccuracy is the permeation of replica film into cracks ( Fig.1 (b) ). Another origin may come from the tip shape of the stylus. Typical shape of the stylus is regular pyramid with a vertical angle [7] .
of 60
• and with a tip radius around 20 nm. Then the AFM image of cracks may be like Fig.1 (c) . Although the AFM image of cracks is not similar to actual crack shape, the crack length copied to the replica film is considered to be longer with crack exrension because the replica permeates to the position where the actual crack opening displacement takes a threshold value.
SLIP-BANDS

Tensile Slip-Band and Fatigue Slip Band
Nakai and his co-workers have been studied on fatigue slip bands, fatigue crack initiation, and the growth behavior of micro-cracks in a structural steel [7] and α-brass [8] [9] [10] [11] [12] [13] [14] . AFM images of slip bands formed in tension tests of a structural low-carbon steel is shown in Fig.2 These figures clearly show the difference between surface morphology for monotonically loaded tension specimens and those in fatigued specimens. The slip bands surface observed in the monotonically loaded tension specimen gives the appearance of a sheared deck of cards. In fatigue-tested specimens, however, mountainous extrusions can be observed on an otherwise flat surface. Both figures show that slip bands were blocked by grain boundaries. For the slip bands shown in Fig.2 (b) , the angle between the slip line at the surface and loading direction was 82
• , and the height of the slip bands was about 400 nm. For the slip bands shown in Fig.2 (c) , the angle was 50
• , and the height of the slip bands was about 200 nm. These results suggest that the surface roughness induced by the slip depended on the slip direction.
Motion of Slip-bands during One Fatigue Cycle
The surface of a fatigued α-brass specimen was observed at the maximum stress, the unloading state, and the minimum stress at the same number of cycles [8, 9] . AFM images of slip-bands are shown in Fig.3 , where the arrows indicate the loading direction. In these figures, shade indicates the height of the specimen surface, i.e., darker indicates lower, and lighter shows higher. Positions I and J in Fig.3 (a) were considered to be in different grains because the slip directions were different from each other. Slip-band A, which is shown in Fig.3 (a) , can be observed under any stress level. Slip-bands B and C ( Fig.3 (a) ), however, can be observed only under tension stress, and these slip-bands did not appear with a different number of cycles. Slip-bands those appeared only under compression stress and was not observed under tension stress also existed. Therefore, slip-bands, which appear only under tension stresses or under compression stresses, were ob- served only in the initial stage of the fatigue process. It is considered that these slip-bands were formed by monotonic deformation. These kinds of slip-bands, however, disappeared shortly, and they were observed only when the maximum stress exceeded the yield strength. As shown in the previous section, slip-bands from monotonic deformation give the appearance of a sheared deck of cards. In the present material, it has not been clarified why the slipbands formed by monotonic deformation showed extrusionlike appearance and why these slip-bands disappear during proceeding fatigue cycles. Up to N = 1.5 × 10 4 cycles, slip-bands were relatively unchanged in appearance, i.e., Slip-band A was blocked by a grain boundary. At N = 6.0 × 10 4 cycles (Fig.5) , Slip-band A passed through the grain boundary and Slip-band D, and a new slip-band was formed at the location shown by the arrow. This passage through the grain boundary and slip-band was considered to be a premonitory sign of crack-initiation. At N = 1.2 × 10 5 cycles, a fatigue crack nucleation was found under tension stress by its large opening compared to slip-bands (see Fig.4 ). Under unloading state (Fig.4 (b) ), however, it is hardly distinguished between slip-bands and cracks from AFM images. In AFM images obtained under compression stress (Fig.4 (c) ), cracks show slightly different appearance from slip-bands. Mode II and/or Mode III deformation may be responsible for the difference. [8] .
From the measurement of slip-band geometry at unloading state, it was found that before crack-initiation, the height and the width of extrusions and the depth and the width of intrusions gradually increased with the number of cycles. When slip-bands developed cracks, one of these sizes was changed drastically, where sizes to be changed depended on the slip-band angle relative to the stress-axis and the shape of slip-bands [8, 9] . 
Shape of Slip-band Tips
In the previous section, it was found that the passage of slip-band through the grain-boundary was a premonitory sign of crack initiation. This condition was given as a critical value of microscopic stress intensity factor at the tip of slip band [15] [16] [17] . The microscopic stress intensity factor is a function of slip-band geometry of slip-band tip. Then the morphology of endpoints of slip-bands was observed with higher magnification, and they were compared with that predicted from the continuously distributed dislocation theory [18] . Figure 6 shows some examples of endpoints of slip-bands, and Figure 7 indicates profiles of peaks of extrusions or valleys of intrusions near their endpoints, where "blocked slip-band" means that it terminated at a grain boundary, and "equilibrium slip-band" means that it ended within a grain [10, 11] . It is clear from these figures that slip-bands had steep slope when they were blocked by grain boundaries, and the slip-bands descended gradually to plain surfaces when they ended within grains. These observations are consistent with the results predicted from the continuously distributed dislocation theory [15, 19] . The condition of the passage of grainboundary may be given as a function of the geometry.
CRACK INITIATION
Transgranular Cracking
In this section, the conditions for crack-initiation in α-brass will be discussed as a function of the slip-band angle relative to the stress axis, stress amplitude, mean stress, and grain size. In α-brass, fatigue cracks were initiated either from slip bands or along grain boundaries [11, 13] . An example of transgranular cracking process is shown in Fig.8 . It is clear from AFM images that two parallel fatigue cracks were initiated at N = 9.1 × 10 4 cycles (Fig.8  (b) ), and they were coalesced at N = 4.5 × 10 5 cycles (Fig.8 (c) ). The change of the geometry of Intrusion I at cross section A, which is indicated in Fig.8 (a) , is shown in Fig.9 . With crack-initiation at N = 9.1 × 10 4 cycles, the depth of the intrusion increased rapidly, and with coalescence of cracks at N = 4.5 × 10 5 cycles, the width of the cracks (intrusion) increased rapidly. The change of the depth of Intrusion I is shown in Fig.10 as a function of the number of fatigue cycles, N . Even though the measured value was not actual depth after crack initiation, the depth of the intrusion drastically increased with its outgrowth to a crack at N = 9.1 × 10 4 cycles. From surface observation, cracks much shorter than the grain-size were not found. Even just after the initiation, a crack extended over the whole grain, and Stage I crack growth was not observed. In the thickness direction, however, the depth of intrusion changed continuously before and after crack initiation, i.e., no jumping in the depth of intrusion was observed. It may indicates that Stage I crack growth, which is a fatigue crack growth along a slip-band, occurred in the thickness direction.
Intergranular Cracking
An example of the intergranular cracking in α-brass is shown in Fig.11 . Slip-bands were formed in a grain on the right side of a grain-boundary, and they were parallel to the grain-boundary. Both intrusions and extrusions were observed in the grain. In the grain on the left side of the grain boundary, slip-bands are not observed. A fatigue crack was . Change of intrusion geometry in fatigue (α-brass) [10, 11] .
initiated from the grain-boundary at N = 4.6 × 10 4 . An intergranular crack was considered to have been initiated along grain-boundaries between grains with high and low Schmidt factor slip systems [11, 13] . The depth of the grain boundary, d, also increased with the number of cycles, N , and the crack initiation could be easily identified from the change of the slope of the log N − d relationship.
Model
The condition for the transgranular crack initiation is analyzed through a geometrical model proposed by Tanaka and Nakai [20, 21] shown in Fig.12 , which explains the relation between the surface-step and the slip-direction, where Cube ABCDEFGO indicates a small region of a specimen that is located adjacent to the surface, and Point H is an arbitrary point on the slip-plane. In the figure, Plane ABCD represents the specimen surface, Plane CKLM represents the slip-plane, and y-axis and Arrow QH represents the loading-direction. Line CK is the slip-trace at the specimen surface and Line ST is a line on the slip-plane and that is parallel to Line KC. Arrow HR is the slip-direction on the slip-plane, and Arrow HP is the normal of the slip- Fig. 10 . Change of intrusion depth in fatigue (α-brass) [10, 11] .
plane. The surface-step induced by the slip is
where the value of s is the slip distance in the HR direction, the value of α is the angle between the normal to the surface and the trace of the slip-band on the plane that is perpendicular to the surface and parallel to the loading-axis, and the value of β is the angle between the slip-direction and the slip-traces on the surface (see Fig.12 ).
Cracks are considered to have been initiated from slip bands, which had slip system in the maximum resolved shear stress [20, 21] . These slip bands are what is called as "persistent slip band (PSB)". For QHR = PHQ = 45
• , the resolved shear stress along the slip-direction takes the maximum value, and the following relationship should be satisfied.
For α = 90
• , the value of β should be 90
• , which gives the maximum slip-step on the surface for a given slip distance. For α = 45
• , the value of β should be 0 • and no slip-step is formed on the specimen surface.
On slip-planes where the resolved shear stress takes the maximum value, the following equation should be satis- Fig. 11 . Intergranular fatigue crack initiation (σ a = 110 MPa, N = 7.9 × 10 4 , α-brass) [11] .
' Fig. 12 . Slip-plane and directions relative to stress-axis and surface [20, 21] .
fied.
The relation between d and s can be derived as a function of α by substituting Eqs. (2) and (3) into Eq. (1). Figure 13 shows the depth of intrusions for various numbers of cycles as a function of the intrusion angle relative to the stress-axis [11] [12] [13] . Although the number of cycles was not distinguished in the figure, data from the same intrusion fall on the same angle. The open marks indicate data before the crack initiation, and the solid marks show data after crack initiation. The solid-line in Fig.13 shows the relationship given from Eq. (1) for the value of s = 380 nm. For the transgranular cracking, which are shown in Fig.13 , data before the crack initiation fall below the solid line, and data after the crack initiation locate above the solid line. It indicates that there was a critical value of accumulated slip-distance, s. The critical value of s was found to be independent of the stress amplitude, the mean stress, and the grain-size. When the accumulated slip distance of an intrusion in a slip-band grew up to the critical value, a cracks was initiated from the intrusion. These results indicate that the transgranular crack initiation is controlled by a a Fig. 13 . Transgranular crack initiation condition (α-brass) [11] .
the damage accumulation due to the dislocation substructures rather than the stress concentration induced by the intrusion.
The effects of the intrusion angle and the slip line length on the growth rate of the intrusion depth were examined [13] . The rate was controlled not only by the intrusion angle and the slip-line length. It was affected by many factors, for example, constraint of deformation from adjacent grains. However, it is easy to predict when the depth reaches the critical value because the intrusion depth increases linearly with the logarithm of the number of cycles as shown in Fig.10 . Therefore, the location and remaining life of fatigue crack initiation can be predicted by measuring the intrusion depth few times before crack initiation.
The intergranular crack initiation conditions are shown in Fig.14 , where the open marks and solid marks show data before and after crack initiation, respectively. Contrary to transgranular cracking, the grain boundary depth at intergranular crack initiation is not a unique function of the grain boundary angle relative to the stress axis. Other mechanisms for the intergranular crack initiation should be considered, which may include the incompatibilities of deformation between two adjacent grains. Yoon and his coworkers observed nucleation mechanisms of intergranular cracks in high-cycle fatigue [6] . Ohgi and his co-workers observed crack initiation at grain boundary in low-cycle fatigue [22] . They proposed that the intergranular crack initiation condition is controlled by the critical value of the grain boundary step. Kimura and his co-workers observed intergranular fatigue crack initiation mechanisms in a nano-crystal [23] .
MEASUREMENT OF SURFACE ROUGHNESS
Surface roughness is another parameter of fatigue damage of a material. Nakai and Oida [24] , Saxena and his co-workers [25] , and Ogawa and Hatanaka [26] observed the change of surface roughness during fatigue test in air. Kimura and his co-workers observed surface roughness in- duced by slip-bands in a nano-crystal [23] . The change of surface roughness in fatigue tests of a structural low-carbon steel, R a , which was measured by means of AFM, with relative number of fatigue cycles, N/N f , is shown in Fig.15 , where the scanning area of AFM was 150 µm×150 µm [24] . The value of R a increased with N/N f and it was larger in the width direction than that in the loading direction. For the same value of N/N f , the surface roughness, R a , was larger for larger stress amplitudes. 
. Crack initiation process
On corrosion fatigue mechanisms, Nakai and his coworkers studied initiation mechanisms of pits and cracks. The corrosion fatigue crack initiation process of 13Cr stainless steel is shown in Fig.16 [27, 28] . From optical micrographs, it seemed that a corrosion pit was formed at N = 1.00 × 10 5 cycles and a crack was initiated from the corrosion pit. From AFM images, however, extrusions were found in (a)(N = 3.75 × 10 4 ). The extrusion was considered to be corrosion product, which was formed at bare metal surface produced by a crack embryo. The extrusion grew in (b) (N = 9.00 × 10 4 ), which was also considered to be corrosion product formed along bare metal surface of initiated crack. A corrosion pit was formed at the crack initiation site in (c)(N = 1.00 × 10 5 ). Then, it was obvious from the AFM observation that the fatigue crack was initiated before the corrosion pit appeared. A corrosion pit was found to be initiated along the crack. Therefore, it is important to notice that we sometimes misunderstand about the corrosion fatigue crack initiation process from optical microscopy.
Growth behavior of corrosion pits
The depth and surface width of a corrosion pit could be measured from the cross-section geometry of the pits, which could be obtained from AFM images. The changes in the size of corrosion pits are plotted as a function of number of cycles in Figs.17 and 18 , where the pit width was measured perpendicular to the loading direction. Although the size of corrosion pits just after initiation was almost independent of the concentration of NaCl, the growth rate of pits was higher for higher concentration of NaCl. The aspect ratio of pits was almost independent of the concentration of NaCl, and it gradually increased with number of cycles. The aspect ratio, however, remained 0.14 at the final stage of corrosion fatigue, then, the stress concentration by these pits was small [27] .
High Strength Aluminum Alloy
In high-strength aluminum alloy, 7075-T651, corrosion pits were initiated at very early stage of fatigue tests, and it grew with number of cycles, and sometimes, a crack was initiated from the pit [28, 29] . AFM images of the process are shown in Fig.19 , and change of the geometry of cross-section is indicated in Fig.20 . Cracks were not formed within the largest corrosion pit, and they were not initiated from the deepest point of the corrosion pit. It was initiated at a grain-boundary within the pit. As shown in Fig.21 , the growth rate of intrusion depth at crack initiation sites was accelerated with crack initiation.
Even for a crack whose optical micrographs showed that it was initiated from grain-boundary without corrosion pit, AFM images sometimes indicated that there was a small pit at the crack initiation site. In that case it was not clear whether the pit was nucleated after or before crack initiation.
CONCLUDING REMARKS
In the present paper, scanning atomic force microscopies of the fatigue slip-band formation and fatigue crack initiation process of metals either in air or in aqueous environments were reviewed, and it was found that the observation of fatigue damage by atomic scale is very useful to elucidate the fatigue crack initiation process of metallic Fig. 16 . AFM images of corrosion fatigue crack initiation process (13Cr stainless steel, 100 ppm NaCl solution, 430 MPa) [27] . Fig. 17 . Change of pit width (13Cr stainless steel) [27] . Fig. 18 . Change of pit depth (13Cr stainless steel) [27] . (High-strength aluminum alloy) [28] . Fig. 21 . Change of intrusion depth in fatigue process (High-strength aluminum alloy) [28] .
materials. It is not only for the scientific research, but also for inspections of structures and machine components because we can detect the very early stage of fatigue damage by using AFM. It should be especially useful for fatigue damage evaluation of micro-machine components because most of the fatigue life of these components is occupied by the crack initiation life [30] . AFM has been also applied to elucidate propagation mechanisms of fatigue cracks. Nakai and his co-workers observed growth behavior of micro-cracks [7] . Sugeta and his co-workers [31, 32] and Oda and his co-workers [33] observed crack tip deformation and crack propagation mechanism. Choi and his co-workers examined fatigue striation shape by using AFM [34] .
